ABSTRACT Background: Limited scientific evidence has characterized the association between dietary fiber intake and risk of breast cancer (BC) by menopausal status and hormone receptor expression in tumors. Objective: We investigated the relation between total dietary fiber and its main food sources (vegetables, fruit, cereals, and legumes) and BC risk by using data from the European Prospective Investigation into Cancer and Nutrition (EPIC). Design: A total of 11,576 invasive BC cases in 334,849 EPIC women mostly aged 35-70 y at baseline were identified over a median follow-up of 11.5 y. Dietary fiber was estimated from countryspecific dietary questionnaires. Multivariable Cox proportional hazards regression models were used to quantify the association between dietary variables and BC risk with energy adjustment by using the residual method. Subgroup analyses were performed by menopausal status and estrogen receptor (ER) and progesterone receptor (PR) expression in tumors. Results: BC risk was inversely associated with intakes of total dietary fiber [hazard ratio comparing fifth quintile to first quintile (HR Q5-Q1 ): 0.95; 95% CI: 0.89, 1.01; P-trend = 0.03] and fiber from vegetables (0.90; 0.84, 0.96; P-trend , 0.01) but not with fiber from fruit, cereals, or legumes. Overall, associations were homogeneous by menopausal status and ER and PR expression in tumors. For vegetable fiber, stronger associations were observed for estrogen receptornegative and progesterone receptor-negative (HR Q5-Q1 :0.74; 95% CI: 0.59, 0.93; P-trend = 0.01) than for estrogen receptor-positive and progesterone receptor-positive tumors (0.92: 0.81, 1.03; P-trend = 0.05), with P-heterogeneity = 0.09. Conclusion: Diets rich in dietary fiber and, particularly, fiber from vegetables may be associated with a small reduction in risk of BC, independently of menopausal status.
INTRODUCTION
Dietary fiber has been hypothesized to lower the risk of breast cancer (BC) 4 (1), but findings have been inconsistent. In its 2007 report, the World Cancer Research Fund did not perform an indepth review of this topic because of an "insufficient" level of evidence (2) . Dietary fiber may play a role in BC risk by way of its ability to lower circulating estrogen concentrations through the inhibition of intestinal reabsorption of estrogens excreted in the bile and by an increase in their fecal excretion (1, 3, 4) . Dietary fiber could also decrease insulin resistance and insulinlike growth factors, the increased concentrations of which have been associated with higher BC risk in several studies (5) (6) (7) , including the European Prospective Investigation into Cancer and Nutrition (EPIC) (8) .
Although findings from some prospective cohort studies have shown no association between dietary fiber intake and risk of BC (9) (10) (11) (12) (13) (14) (15) , a few cohorts suggested inverse associations in premenopausal (16) and postmenopausal women (17) (18) (19) . A recent meta-analysis of 10 prospective studies showed a significant inverse association between dietary fiber and risk of BC with no differences by geographical region or menopausal status (20) .
Only a few studies have evaluated the relation between dietary fiber and BC by hormone receptor status [estrogen receptor (ER) and progesterone receptor (PR) ]. An inverse borderline significant association between dietary fiber and BC risk in estrogen receptor-positive (ER + ) and progesterone receptor-positive (PR + ) tumors but not in ER + and progesterone receptor-negative (PR 2 ) tumors and estrogen receptor-negative (ER -) and PR 2 tumors was observed in a prospective cohort of Swedish women (18) . Conversely, opposite evidence was produced by the NIH-AARP Diet and Health Study, in which a strong protective association between fiber and risk of postmenopausal BC was observed in ER 2 and PR 2 tumors but not in ER + and PR + tumors (18, 19) . In an Australian cohort of postmenopausal women, positive associations were observed in ER + and PR + tumors, whereas fiber intake was inversely associated with risk of BC in ER 2 and PR 2 tumors (13) . Associations with risk of BC might differ by specific food sources of fiber, although the evidence has, again, been inconsistent, with some study that showed a more pronounced inverse association with BC risk in relation to fiber that comes from fruit (17) or cereals (16, 17) .
In this work, the association between total dietary fiber and that derived from different food sources and risk of BC was evaluated in the EPIC. Analyses were carried out by taking into account the heterogeneity of BC subtypes and, thus, by using information on menopausal status and hormonal receptor status.
SUBJECTS AND METHODS
The EPIC is a large prospective cohort study of .521,000 subjects from 23 centers in 10 European countries (Denmark, France, Germany, Greece, Italy, Norway, Spain, Sweden, the Netherlands, and the United Kingdom) (21) . Participants gave informed consent and completed questionnaires on diet, lifestyle, and medical history. In most centers, participants came from the general population, except in centers in France (women were enrolled in a health insurance scheme for school and university employees), Italy (Turin and Ragusa) and Spain (blood donors), the Netherlands (Utrecht; mammographic-screening program), and Italy (Florence; screening-program participants). In addition, one-half the United Kingdom (Oxford) subcohort consisted of health-conscious individuals from England, Wales, Scotland, and Northern Ireland (21) .
Of 367,993 women (aged 35-70 y) recruited in EPIC, the present analysis excluded women with prevalent cancers at any site (n = 19,853), missing diagnosis or censoring date (n = 2892), missing dietary or lifestyle information (n = 3339), in the top or bottom 1% of the ratio of energy intake to energy requirement (estimated from age, sex, and body weight and height) (n = 6753), and 217 non-first BC cases, which left 334,849 women with complete exposure information. Within this group, 11,576 women with invasive BC were identified after a median follow-up of 11.5 y. The EPIC study was approved by the ethical committees of the International Agency for Research on Cancer and individual EPIC centers.
Dietary assessment
Dietary and lifestyle questionnaires were completed by participants at enrollment when anthropometric measures were also taken (21) . Diet was assessed by using validated country-or center-specific food questionnaires that were designed to capture habitual consumption over the preceding year. Eight countries used self-administered food questionnaires, whereas questionnaires were administered by interviewers in Greece, Spain, and southern Italy (Naples and Ragusa) (22, 23 The estimation of dietary fiber intake has been described previously (24) . In brief, dietary fiber was defined by using the Association of Official Agricultural Chemists gravimetric method for total dietary fiber (25) and included soluble and insoluble forms (including lignin) of nonstarch polysaccharides and resistant starch. The dietary fiber variable used in this work was obtained by using the EPIC Nutrient Database in which the dietary fiber composition of foods was harmonized across participating European countries to take into account the different analytic methods used (26) . Glycemic index (GI) values were obtained from FosterPowell tables (27) , British values (28, 29) , Internet updates (http:// www.glycaemic index.com), and values communicated by GI experts (30) . The dietary glycemic load (GL) was calculated by summing, for all foods, the GI value for that food multiplied by the quantity of carbohydrates consumed from that food.
Outcome assessment
Incident BC cases were identified through population cancer registries (Denmark, Italy, Netherlands, Norway, Spain, Sweden, and United Kingdom) or by active follow-up (France, Germany, Naples, and Greece). The active follow-up procedure used a combination of methods, including health insurance records, cancer and pathology registries, and contacts with participants and their next of kin. Mortality data were obtained mostly from mortality registries at the regional or national level. Subjects were followed up from study entry until cancer diagnosis (except nonmelanoma skin cancer), death, emigration, or the end of the follow-up period, whichever occurred first. The follow-up period Information on ER, PR, and human epidermal growth factor receptor 2 (HER2) was provided by each center on the basis of pathology reports.
Statistical analysis
Lifestyle and dietary baseline characteristics of study participants were calculated according to lowest, middle, and highest quintiles of total dietary fiber. Cox proportional hazards regression models were used to estimate HRs for the association between the intake of total dietary fiber, as well as fiber from vegetables (excluding potatoes, soy products, and tomato products), from fruit, cereals, legumes, and other sources and risk of BC (as continuous variables and in quintiles). Age was the primary time variable, and Breslow's method was adopted for handling ties (31) . The time at entry was the age at recruitment, whereas the exit time was the age at cancer diagnosis, death, loss, or end of follow-up, whichever came first. Models were stratified by center to control for differences in questionnaire designs, follow-up procedures, and other centerspecific effects. Additional stratification by age at recruitment (1-y categories) was used. Throughout this work, menopausal status was ascertained at baseline. Women were considered premenopausal when they reported having had regular menses over the past 12 mo or when they were ,46 y of age at recruitment. Women were considered postmenopausal when they reported not having had any menses over the past 12 mo, reported having had a bilateral ovariectomy, had missing data, or were older than age 55 y. Women were considered with unknown menopausal status when they were between 46 and 55 y of age or had missing or incomplete questionnaire data. Systematic adjustments were undertaken for menopausal status (dichotomized as natural postmenopausal or surgical compared with premenopausal or perimenopausal) weight and height (continuous), an interaction term between weight and menopausal status, smoking status (never, former, current, or unknown), educational attainment (5 categories of the level of schooling) as a proxy variable for socioeconomic status, alcohol intake (continuous), physical activity (inactive, moderately inactive, moderately active, or active). In addition, the following variables were included in the models: age at menarche (#12, 12-14, or .14 y), age at first full-term birth (nulliparous, #21 y, 21-30 y, or .30 y), and age at menopause (#50 or .50 y), ever use of contraceptive pill, and ever use of replacement hormones. Indicator variables were used to model missing values in the last 2 variables (a total of 25,882 observations; 876 cases) after checking that variables associated with these factors were not statistically significant. Adjustments for dietary folate intake, GL, or carbohydrate intake (continuous) did not materially alter estimates and were not retained in the final models.
Energy adjustment was undertaken by using the residual method. To preserve the dietary-assessment geographical specificity in the EPIC, center-specific residuals for total fiber and for each fiber subtype separately were computed. Center-specific mean values were added to residuals to recuperate the original scale and ease interpretability. Disease models for each fiber subtype were adjusted for other fiber subtypes. However, estimates obtained without mutual adjustment for other fiber subtypes are presented because risk estimates were not altered. An adjustment for fruit and vegetable intakes was not performed because of the strong correlation between these dietary food groups and fiber variables.
Quintiles of dietary intake were determined on the basis of the whole cohort, with the lowest quintile as the reference. The overall significance of an HR was tested by using the P value for Wald's test statistics (P-Wald) with 4 df. In addition, P-trend values were obtained by modeling a score variable with quintile-specific medians as continuous. In addition, the association between dietary fiber, fiber sources, and risk of BC was inspected by using restricted cubic splines (32, 33) . For the scope, 5 knots were used that corresponded to the medians of quintile-specific categories. Models with larger numbers of knots were not appreciably different. Spline plots were produced by using reference categories that were equal to 20 g/d for total dietary fiber, 4 g/d for fiber from vegetables and from fruit, and 7 g/d for fiber from cereals (which roughly corresponded to the 40th percentile). The departure from linearity was tested by evaluating the joint significance of variables other than the linear one included in the model and was achieved by using Wald's test with 3 df (32) .
Associations between total dietary fiber and fiber sources were evaluated for total BC and according to ER status and PR status as well for combinations ( , and HER2 + ). Different models for premenopausal and postmenopausal subjects were also conducted after the exclusion of women with a history of ovariectomy and unknown menopausal status.
To partially correct risk estimates for the effect of dietary measurement errors, a fixed-effect multivariate linear regression calibration model was used, in which 24-h dietary recall data from an 8% sample from all participating cohorts (34) were regressed on dietary questionnaire measurements with adjustment for the same list of covariates mentioned above and additional control for the weekday and season of recall measurements (35) . Predicted values obtained from the calibration model were used on a continuous scale in the risk model (36) . A bootstrap sampling procedure with a total of 100 iterations was used to compute corrected SEs for calibrated variable estimates (37, 38) .
To reduce the chance of reverse causality, all models were also run with the exclusion of women who developed BC during the first 2 y of follow-up, but the results did not differ from those in which the entire cohort were included and are not shown. For all dietary exposures, the proportional hazards assumption was satisfied and evaluated via the inclusion into the disease model of interaction terms between exposure and attained age (data not shown). Statistical heterogeneity of associations across subgroups or across countries (with the Oxford health-conscious cohort treated as a country) was evaluated by comparing the difference in the log likelihood of models with and without interaction terms to chi-square statistics with the df equal to the number of categories minus one (P-interaction).
Tests of heterogeneity of associations according to receptor status were performed with the use of a data-augmentation method (39) by comparing the difference in the log likelihood between a model with receptor status-specific variable and a model with a single HR estimate for the 2 categories of receptor status to a chi-square distribution with one df (P-heterogeneity). In all of these models, dietary exposure, in turn total dietary fiber and fiber subtypes, were modeled as continuous variables, whereas associations of all other dietary and nondietary variables were kept constant across endpoints.
Subgroup analyses were performed by BMI (kg/m 2 ) (,25 or $25), waist circumference (less than or greater than the overall median of 78 cm), waist-hip ratio (less than or greater than the median of 0.78), and alcohol intake (#0.1, 0.1-20, and .20 g/d). An interaction between total dietary fiber intake and fat intake was explored by using 3-category variables (first quintile, quintiles 2 to 4, and fifth quintile) for each of fiber-and fat-intake variables. Models with main effects and cross-product terms were fitted overall and in premenopausal and postmenopausal women.
Statistical tests were 2-sided, and P , 0.05 was considered significant. All analyses were performed with SAS 9.2 software (40).
RESULTS
A total of 11,576 BC cases (on the basis of information at baseline, 35% of cases were premenopausal, 46% of cases were postmenopausal, and 19% of cases were not defined) were recorded in 11.5 y of median follow-up time and 3,670,438 accumulated person-years ( Table 1 ). The median age at enrollment was 51 y. Energy-adjusted residuals of total dietary fiber intake are detailed in Table 1 . Dietary fiber from fruit, vegetables, and cereals accounted for 82% of the total dietary fiber intake.
ER, PR, and HER2 status were available in only 63%, 52%, and 20% of cancer cases, respectively, and were distributed as follows: 80% ER + and 20% ER 2 tumors, 64% PR + and 36% PR 2 tumors, and 25% HER2 + and 75% HER2 2 tumors. Baseline characteristics of cases with and without receptorstatus information by intake groups of total dietary fiber and its sources showed no major differences in demographic characteristics and nutritional intakes by ER status. Cases with missing information on PR or HER2 status were more likely to be postmenopausal. No other meaningful differences were noted.
Distributions of known risk factors for BC by quintiles of total fiber and fiber subtypes are reported in Table 2 . BMI, heights, and weights were similar across quintiles of dietary fiber. Participants in upper quintiles of total fiber were less likely to be current smokers, were physically more active, and had lower intakes of alcohol. Relatively similar patterns were observed for all other examined fiber sources. Unlike total fiber and fiber from fruit or cereals, glycemic load and carbohydrate intakes were rather stable across quintiles of fiber from vegetables.
As shown in Table 3 , total dietary fiber [hazard ratio comparing fifth quintile to first quintile (HR Q5-Q1 ): 0.95; 95% CI: 0.89, 1.01; P-Wald , 0.01, P-trend = 0.03] and fiber from 3 All values are means; 10th and 90th percentiles in parentheses. Center-specific means were added to energy-adjusted residuals.
TABLE 2
Lifestyle and dietary baseline characteristics according to the lowest, middle, and highest quintiles of energy residuals of total dietary fiber and fiber from vegetables, fruit, and cereals vegetables (HR Q5-Q1 : 0.90; 95% CI: 0.84, 0.96; P-Wald = 0.01, P-trend , 0.01) were inversely associated with BC risk. Intakes of fiber from fruit, cereals, legumes, and other dietary sources consistently showed no relation with BC risk, and therefore, the results were not reported in all subsequent analyses (see Table  1A under "Supplemental data" in the online issue). The relation between total dietary fiber and fiber from vegetables and risk of BC modeled with cubic-spline models are displayed in Figure 1 . A decreasing trend in risk was observed for increased intakes of total dietary fiber up to w24 g/d, whereas the trend leveled off for intakes greater that that value, and the model suggested a significant departure from linearity (P-Wald = 0.04). Conversely, the association was linear (in the log-HR scale) for fiber from vegetables (P-Wald = 0.48).
Risk estimates for total dietary fiber and fiber from vegetables by menopausal status were homogeneous and showed a significant dose-response reduction of BC risk with increased fiber intake from vegetables in postmenopausal women (HR Q5-Q1 : 0.87; 95% CI: 0.79, 0.96; P-trend = 0.01) and a marginal association in premenopausal women (HR Q5-Q1 : 0.89; 95% CI: 0.78, 1.02; P-trend = 0.07) (results not shown). Similarly, associations were homogeneous with respect of ER status. As reported in Table 4 , and HER2 + (n BC = 176) tumors are not shown because of the low n BC .
Linear calibration for measurement-error correction strengthened risk estimates and resulted in HR estimates of 0.93 (95% CI: 0.87, 0.99; P-trend = 0.03) for total fiber and 0.85 (95% CI: 0.76, 0.96; P-trend , 0.01) for fiber from vegetables for 10 and 5g/d increase in intake, respectively ( Table 5 ). There was no evidence of heterogeneity of an association between total dietary fiber and fiber from vegetables and risk of BC across countries (see Figure 1A under "Supplemental data" in the online issue.).
A significant interaction was observed in premenopausal women between total dietary fiber and the intake of fat with a BC HR of 0.66 (95% CI: 0.51, 0.85) for high-fiber and low-fat consumption compared with high-fat and low-fiber intake (P-interaction = 0.02) ( Table 6 ). The interaction between total dietary fiber and fat intake was not significant in postmenopausal women. The association between fiber and risk of BC was not modified by BMI, waist-hip ratio, or alcohol consumption (data not shown).
DISCUSSION
The current study, which was based on the EPIC cohort, showed that BC risk was reduced by 5% with an increased intake of total dietary fiber and by 10% with an increased consumption of fiber from vegetables for the highest compared with lowest quintiles. All observed associations were consistent with a protective effect of fiber from vegetables by menopausal and ER status as well as for combinations of ER and PR status, with a pronounced protective association observed in ER 2 and PR 2 tumors. Fiber from fruit, cereals, legumes and other dietary sources was not associated with BC. In a recent meta-analysis that was based on 16,848 BC cases, an RR of 0.89 (95% CI: 0.83, 0.96) was estimated for highest compared with lowest total dietary fiber intakes (20) . In our study, fiber from vegetables showed an inverse association with risk of BC, whereas no association was observed for other fiber sources. This result is in contrast with evidence produced by other prospective investigations. Fiber from fruit was shown to be significantly inversely associated with BC risk in the Swedish cohort (17) and weakly associated in the Nurses' Health study (12) and in NIH-AARP study (19) . It was suggested that soluble and insoluble subtypes of dietary fiber may play a different role in pathophysiologic processes related to BC occurrence. Soluble fiber could be more effective in controlling blood glucose, insulin, and insulin-like growth factors (7), whereas insoluble fiber may exert an action in binding and excreting estrogen in stool and, thus, lead to lower blood concentrations of estradiol (41) . Although soluble and insoluble fibers were not related to BC risk in a number of studies (11, 12, 15) , soluble fiber, but not the insoluble component, was inversely associated with BC in the NIH-AARP cohort. In the EPIC study, the lack of common information across participating countries did not allow a harmonized database on soluble and insoluble fibers to be developed; thus, only dietary fiber values were compiled (26) .
Although plausible anticancer mechanisms and explanations exist for dietary fibers from different food sources (including the vast sources of phytochemicals such as antioxidants and phytoestrogens, glycemic and insulinemic control, and substitutive effect of foods associated with high BC risks), it is largely unclear what specific biological mechanisms may underlie observed differences in associations of fruit, vegetable, and cereal fibers with BC in the current analysis. In our study, categories of vegetable and cereal fiber showed relatively heterogeneous patterns with respect to levels of dietary and lifestyle characteristics, including smoking status and average concentrations of glycemic load. Even though adjustment for GL or intake of total carbohydrates did not alter BC risk estimates in the current study, residual confounding by other unmeasured dietary and lifestyle factors may have partially driven the observed risk pattern for dietary fibers from various food sources. In the current study, a combination of low-fat and high-fiber intake was associated with a significant reduction of risk of BC in premenopausal women. In the Women's Healthy Eating and Living randomized trial, the adoption of a diet that was very high in vegetables, fruit, and fiber and low in fat had no effect on survival or BC progression (42) . The observation that a reduced fat intake lowers the concentrations and bioavailability of serum sex hormones (43) (44) (45) , which possibly contribute to the control of estrogen concentrations related to a high fiber intake (1, 3, 4, 41, 46) , might lend support to the hypothesis that the joint combination of a low-fat and high-fiber diet might result in lower BC risk compared with each factor separately. In addition, in 4 of 14 interventional studies of high dietary fiber combined with low fat intakes showed an effect on BC risk (44, 46) . In our study, interactions terms between fat and fiber intakes were not significant in postmenopausal women or in analyses conducted separately in ER + and PR + tumors and ER 2 and PR 2 tumors, which called for cautious interpretations of these findings.
Although a few cohort studies reported null associations between dietary fiber and risk of BC, which were homogeneous with respect to ER and PR status (15, 17) , a negative association was shown for ER 2 and PR 2 BC tumors, both in the NIH-AARP study (19) and in the Melbourne Collaborative Cohort Study (13) . In this latter study, a positive association was observed with ER + and PR + tumors (13) . In the EPIC study, findings were consistently homogenous with respect to ER and PR status and their combinations, with the exceptions of fiber from vegetables, for which there were more-pronounced associations in ER 2 and PR 2 tumors compared with ER + and PR + tumors (P-heterogeneity = 0.09). The biological mechanism that underlies the differential associations of risk factors with hormone receptor-positive and -negative BC remains to be fully characterized (47) (48) (49) . Thus far, epidemiologic evidence has suggested that factors linked to estrogen metabolism are more strongly related to ER + tumors, whereas ER 2 tumors might be more susceptible to nonhormonal factors, including diet (47) (48) (49) . The fact that dietary fiber plays a role in the modulation of estrogen concentrations (relevant for ER + BC etiology), and fiber is considered an indicator of an individuals' healthy diet (relevant for ER 2 BC etiology), might explain the lack of difference in the association between dietary fiber and BC by a hormonal receptor status observed in the EPIC.
Multivariate linear regression calibration models were applied in an effort to partially correct for measurement errors in dietary exposure. Deattenuated log-risk estimates were between 2-and 3-fold lower than naive uncorrected estimates for total dietary fiber and fiber from vegetables, respectively, which suggest that associations might be even stronger than the ones observed in this study. However, it is acknowledged that procedures of measurement-error correction are complex and involve important statistical assumptions that require a careful evaluation and interpretation of results (50, 51) .
Among the strengths of this work, one particular strength was the large n BC developed over .11 y of follow-up time. Although information on hormonal receptor status was not available for a number of study subjects, this is the largest prospective study, to our knowledge, that evaluated the association between dietary fiber and its subtypes and risk of BC by ER and PR as well as their combinations. A concern is that tumors for women with available hormonal receptor status may differ from those for whom this was not the case. There were no major differences in demographic characteristics and nutritional intake of cases without ER status compared with cases with available information, and subanalyses using tumors with missing ER status led to similar results. Similar strategies were adopted to inspect BC cases with and without available information on PR status, although the pattern of nonavailable information was heterogeneous across EPIC countries, particularly for ER and PR.
In addition, the multicentric nature of the EPIC study made it possible to evaluate this association on the basis of a large variation of dietary exposure, with total fiber that ranged between 16-29 g/d Among the main limitations of the study, it should be noticed that diet was assessed at recruitment only, and no information was available on soluble or insoluble subtypes of dietary fiber and on cancer histology. In addition, because BC is a very heterogeneous disease, mainly in terms of menopausal and hormonal status, a large number of associations were evaluated as dietary, and nondietary factors are likely to affect various BC subtypes in a different way. As a consequence, the level of statistical significance may have not been close to nominal values, which raises concerns on the possibility of false-positive results and requires careful interpretation of our results.
In conclusion, the results of this study suggest that total dietary fiber is moderately associated with risk of BC, with the relation being more apparent for fiber from vegetables, whereas no association was observed for fiber from fruit, cereals, legumes, or other dietary sources. Overall, risk estimates were not differential by menopausal status, with a more apparent inverse association for fiber from vegetables observed in ER 2 and PR tumors. An interaction between total dietary fiber and total fat was shown in premenopausal women, although this finding requires confirmation.
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